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Abstract

The functional integrity of the nucleus accumbens (NAC) core and shell is necessary for
contextual cocaine-seeking behavior in the reinstatement animal model of drug relapse; however,
the neuropharmacological mechanisms underlying this phenomenon are poorly understood. The
present study evaluated the contribution of metabotropic glutamate receptor subtype 1 (mGIuR1)
and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate receptor
populations to drug context-induced reinstatement of cocaine-seeking behavior. Rats were trained
to lever press for un-signaled cocaine infusions in a distinct context followed by extinction
training in a different context. Cocaine-seeking behavior (non-reinforced active lever pressing)
was then assessed in the previously cocaine-paired and extinction contexts after INJ16259685
(mGIuR1 antagonist: 0.0, 0.6, or 30 pg/0.3 pl/hemisphere) or CNQX (AMPA/kainate receptor
antagonist: 0.0, 0.03, or 0.3 ug/0.3 pl/hemisphere) administration into the NAC core, medial or
lateral NAC shell, or the ventral caudate-putamen (vCPu, anatomical control). JNJ16259685 or
CNQX in the NAC core dose-dependently impaired contextual cocaine-seeking behavior relative
to vehicle. Conversely, CNQX, but not JNJ16259685, in the lateral or medial NAC shell
attenuated, whereas CNQX or JNJ16259685 in vCPu failed to inhibit, this behavior. The
manipulations failed to alter instrumental behavior in the extinction context, general motor
activity, or food-reinforced instrumental behavior in control experiments. Thus, glutamate-
mediated changes in drug context-induced motivation for cocaine involve distinct
neuropharmacological mechanisms within the core and shell subregions of the NAC, with the
stimulation of mGlul and AMPA/kainate receptors in the NAC core and the stimulation of
AMPA/kainate, but not mGlul, receptors in the NAC shell being necessary for this phenomenon.
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Functional imaging studies have demonstrated that self-reports of cue-induced cocaine
craving are positively correlated with enhanced neural activity in the nucleus accumbens
(NAC; Kilts et al. 2001; 2004; Volkow et al. 2010). Consistent with these clinical findings,
the functional integrity of the NAC core and shell is necessary for drug context-induced
cocaine-seeking behavior in the extinction/reinstatement animal model of drug relapse
(Fuchs, Ramirez & Bell 2008). More specifically, glutamate neurotransmission in the NAC
is critical for the renewal of drug-seeking behavior induced by exposure to environmental
contexts paired previously with repeated drug exposure, in the presence of discrete cocaine-
paired conditioned stimuli (Bossert et al. 2006); however, the contribution of specific NAC
glutamate receptor subpopulations to this phenomenon or to context-induced reinstatement
has not been investigated. Thus, the present study evaluated the putative role of
metabotropic glutamate receptor subtype 1 (mGIuR1) and a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)/kainate receptors in the core, medial shell, and lateral shell
subregions of the NAC as well as in the ventral caudate-putamen (vCPu) in drug context-
induced reinstatement of cocaine-seeking behavior.

The mGIuR1 is a member of the group | mGIuRs family, similar to mGIuR5 (Bird &
Lawrence 2009; Kenny & Markou 2004). The study of mGIuR1 function has been impeded
by the unavailability of receptor selective antagonists. Recent studies, however, indicate that
mGIuR1 populations are relatively dense in the NAC (Bonsi et al. 2008; Martin et al. 1992;
Mitrano & Smith 2007), and they potentially contribute to drug-induced behaviors by
regulating intracellular calcium signaling and multiple forms of neural plasticity (Anwyl
2009; Bonsi et al. 2008; Grueter, McElligott & Winder 2007; Olive 2009). In particular,
mGIuR1s exhibit cocaine-induced changes in function, cellular expression, and localization
in the NAC core and shell and these neuroadaptations persist even after prolonged cocaine
abstinence (Ben-Shahar et al. 2009; Mitrano, Arnold & Smith 2008; Swanson et al. 2001).
Stimulation of mGIuR1s in the dorsal hippocampus (DH) is necessary for drug context-
induced reinstatement of cocaine-seeking behavior (Xie et al. 2010). However, little is
known about the putative contribution of striatal mGIuR1 populations to this behavior.

Similar to mGIluR1s, AMPA/kainate receptors exert a critical regulatory role over drug-
induced behaviors. Consistent with this, administration of AMPA into the NAC core or shell
is sufficient to elicit drug-seeking behavior (Ping et al. 2008; Suto et al. 2004). Inhibition of
the surface expression, or pharmacological antagonism, of AMPA/kainate receptors in the
NAC core or shell inhibits drug-primed reinstatement of drug-seeking behavior (Cornish &
Kalivas 2000; Famous et al. 2008; LaLumiere & Kalivas 2008). Similarly, AMPA/kainate
receptor antagonism in the NAC core impairs explicit cue-induced reinstatement of
extinguished cocaine- and heroin-seeking behaviors (Backstrom & Hyytia 2007; LaLumiere
& Kalivas 2008). However, it has yet to be investigated whether the stimulation of AMPA/
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kainate receptor subpopulations in the NAC is also necessary for drug context-induced
reinstatement of cocaine-seeking behavior.

To explore these questions, an ABA experimental design was used in the present study to
evaluate the hypothesis that mGlul and AMPA/kainate receptors within the core and shell of
the NAC as well as in the vCPu differentially regulate the ability of a previously drug-paired
context to reinstate cocaine-seeking behavior, in the absence of discrete cocaine-paired
conditioned stimuli. The medial and lateral shell subregions of the NAC were investigated
separately because neurons in these subregions exhibit distinct morphology and connectivity
(lkemoto 2007; Meredith et al. 1992; Voorn et al. 2004) and may contribute differently to
drug context-induced cocaine-seeking behavior. In these localization experiments, the dose-
dependent effects of the highly potent mGIuR1 subtype-selective antagonist JNJ16259685
and the AMPA/kainate receptor selective antagonist CNQX on drug context-induced
reinstatement of cocaine-seeking behavior were assessed. In addition, the effects of
JNJ16259685 and CNQX on food-reinforced instrumental responding as well as on general
locomotor activity were also examined in order to discriminate the putative effects of these
pharmacological manipulations on drug context-induced incentive motivation for cocaine
and motor performance.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (Charles-River, N = 144; 250-275 g) were individually housed in
a temperature- and humidity-controlled vivarium on a reversed light/dark cycle. Rats were
maintained on 20-25 g of rat chow per day and ad libitum water. The housing and treatment
of the rats followed the guidelines of the “Guide for the Care and Use of Laboratory Rats”
(Institute of Laboratory Animal Resources, Commission on Life Sciences 1996) and were
approved by the Institutional Animal Care and Use Committee of the University of North
Carolina at Chapel Hill.

Food training

Surgery

In order to expedite the acquisition of cocaine self-administration, rats were first trained to
lever press on a fixed ratio (FR) 1 schedule of food reinforcement (45 mg pellets; Purina,
Richmond, IN, USA) in standard sound-attenuated operant-conditioning chambers (26 x 27
x 27 cm high; Coulbourn Instruments, Allentown, PA, USA) during a single 16-h overnight
training session. The chambers were equipped with two retractable levers and a food pellet
dispenser between the levers. During the session, lever presses on one (active) lever resulted
in delivery of one food pellet only. Lever presses on the second (inactive) lever had no
programmed consequences. The contextual stimuli used for subsequent conditioning were
not present.

Forty-eight hours after food training, rats were anesthetized using ketamine hydrochloride
and xylazine (66.6 and 1.3 mg/kg, respectively, intraperitoneal). Intravenous catheters were
constructed as described previously (Fuchs et al. 2007; 2008) and surgically implanted into
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the right jugular vein. The catheter ran subcutaneously and exited posterior to the shoulder
blades. Immediately after the catheter surgery, the rats were placed into a stereotaxic
instrument (Stoelting, Wood Dale, IL, USA). Stainless steel guide cannulae (26 G, Plastics
One) were aimed at the NAC core (AP +1.4, ML +/-3.1, DV -4.8), medial shell (AP +1.3,
ML +/-2.5, DV -5.9), lateral shell (AP +2.0, ML +/- 2.6, DV -7.0), or the ventral caudate-
putamen (vCPu; anatomical control region: AP +1.4, ML +/-3.1, DV -3.8). Coordinates are
shown in mm relative to bregma (Paxinos and Watson, 1997). Three stainless steel screws
and dental acrylic anchored the guide cannulae to the skull. Stylets (Plastics One) and Tygon
caps sealed the cannulae and catheters, respectively, in order to prevent occlusion. Rats were
given 5 days for post-operative recovery before the experiments started.

Following surgery, catheters were flushed through once daily with 0.1 ml of an antibiotic
solution of cefazolin (100.0 mg/ml, Schein Pharmaceutical, Florham Park, NJ, USA)
dissolved in heparinized saline (70 U/ml; Baxter Healthcare, Deerfield, IL, USA). During
self-administration training, catheters were flushed through with an additional 0.1 ml of
heparinized saline (10 U/ml) prior to each session. Catheter patency was periodically
verified by infusing 0.1 ml of propofol (10 mg/ml, intravenous; Abbot Labs., North
Chicago, IL, USA), which produces rapid loss of muscle tone.

Cocaine self-administration training

Cocaine self-administration training was conducted during daily 2-h sessions during the rats
dark cycle and continued until a rat reached the acquisition criterion (i.e., = 10 infusions
self-administered/session on a minimum of 10 training days). Rats (N = 112) were trained to
press a lever under an FR 1 schedule of cocaine reinforcement (cocaine hydrochloride; 0.15
mg@/0.05 ml per infusion; National Institute on Drug Abuse, Research Triangle Park, NC,
USA) with a 20-s timeout period.

Rats were randomly assigned to receive self-administration training in operant-conditioning
chambers equipped with two distinctly different sets of multi-modal contextual stimuli.
Context 1 contained a continuous red house light (0.4 fc brightness), intermittent pure tone
(80 dB, 1 kHz; 2 s on, 2 s off), pine-scented air freshener strip, and wire mesh floor (26 cm
x 27 cm). Context 2 contained an intermittent white stimulus light above the inactive lever
(1.2 fc brightness; 2 s on, 2 s off), continuous pure tone (75 dB, 2.5 kHz), vanilla-scented air
freshener strip, and a slanted ceramic tile wall that bisected the bar floor (19 cm x 27 cm).
Rats had no exposure to these contextual stimuli prior to cocaine self-administration
training. These stimuli were presented throughout each session independent of responding,
as in our previous studies (Fuchs et al. 2005; 2007; 2008).

Extinction and reinstatement testing

Rats received daily 2-h extinction training sessions in a context distinctly different from the
cocaine-paired context for a minimum of seven consecutive days. During the sessions, lever
responses were recorded, but had no programmed consequences. Rats were adapted to the
microinfusion procedure prior to placement into the chamber on extinction day 4. To this
end, injection cannulae were inserted bilaterally into the guide cannulae to a depth 1 mm
below the tip of the guide cannulae. The injectors were left in place for 4 min, but no fluid
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was infused. Once rats reached the extinction criterion (< 25 active lever responses/session
on at least 2 consecutive days), they received two test sessions in the previously cocaine-
paired context and two test sessions in the extinction context. Prior to each test session, rats
received bilateral microinfusions of one dose of the selective mGIuR1 antagonist
JNJ16259685 (0.6 or 30 pg/0.3 pl/hemisphere), which displays a greater than 1,000-fold
selectivity for mGluR1s over mGIuR5s in vitro (IC5g < 19 nM; Fukunaga, Yeo & Batchelor
2007; Lavreysen et al. 2004), or 0.1 % DMSO vehicle (0.3 pl/hemisphere) into the NAC
core, medial or lateral NAC shell, or ventral caudate-putamen (vCPu). Doses for
JNJ16259685 were selected based on our preliminary experiments, which examined the
effects of 0.6 pg-1.5 ng doses of JINJ16259685, and our previous study, in which
JNJ16259685 inhibited contextual cocaine-seeking behavior after infusion into the DH (Xie
et al. 2010). Separate groups of rats received bilateral microinfusions of one dose of the
selective AMPA/kainate receptor antagonist CNQX (0.03 or 0.3 ug/0.3 pl/hemisphere) or
phosphate-buffered saline (PBS; 0.3 pl/hemisphere) into the same brain regions. These doses
of CNQX have been used to demonstrated the role of NAC AMPA/kainate receptors in
cocaine self-administration and other forms of cocaine-seeking behavior (Backstrém and
Hyytia 2007; Bell, Duffy & Kalivas 2000; Cornish & Kalivas 2000; Famous et al. 2008;
Park et al. 2002). The microinfusions were administered over 2 min, and the injectors were
left in the guide cannulae for 1 min before and after the infusion. The order of testing in the
previously cocaine-paired versus extinction contexts and treatment order (JNJ16259685 or
CNQX, vehicle) were counterbalanced based on active lever responding during the last three
cocaine self-administration sessions. Between test sessions, rats received a minimum of two
additional extinction training sessions until they re-obtained the extinction criterion
(described above). During each test session, responses on the active and inactive levers were
recorded for 1 h, but had no programmed consequences. The use of 1-h test sessions
minimized extinction learning in the cocaine-paired context thus permitting two test sessions
per subject.

Locomotor activity and food-reinforced instrumental behavior

Pharmacological manipulations may produce motor side effects that alter the expression of
motivated behavior. To assess this, effects of INJ16259685 and CNQX on general activity
and instrumental motor performance were examined.

Two locomotor activity test sessions were conducted using a partial within-subjects design,
at least 72 h after the last reinstatement test session. Before testing, rats received bilateral
microinfusions of one dose of INJ16259685 or CNQX or vehicle into the target brain region
using the infusion procedures described above, with the assignment to treatment group and
treatment order randomized. Horizontal locomotor activity was measured in novel Plexiglas
chambers (42 x 20 x 20 cm high), as described previously (Fuchs et al. 2007; 2008). The
total number of photobeams breaks was recorded by a computerized activity system (San
Diego Instruments, San Diego, CA, USA) during each 1-h test session.

Experimentally naive rats (N = 32) were trained to lever press for food pellets (45 mg,
Purina) during daily 2-h sessions in context 1 or 2. As in our previous study (Xie et al.
2010), the rats received free access to an additional 100 food pellets in their home cages 1-h
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before each session in order to elicit similar lever response rates — thus similar sensitivity to
the rate-altering effects of the glutamate antagonists — as those seen in the cocaine
reinstatement experiments. During all training and test sessions, active lever presses resulted
in the delivery of a single food pellet (45 mg, Purina) under an FR 1 reinforcement schedule
with a 20-s timeout period. Inactive lever presses had no programmed consequences. After
active lever responding stabilized (i.e., < 20% variability across two consecutive sessions),
three 1-h test sessions were conducted using a counterbalanced within-subject test design.
Before testing, rats received bilateral microinfusions of one dose of JNJ16259685 or CNQX
or vehicle into the target brain region using the infusion procedure described above.
Between test sessions, rats received a minimum of two food self-administration training
sessions.

Rats were overdosed using ketamine and xylazine (66.6 and 1.3 mg/kg intravenous or 199.8
and 3.9 mg/kg intraperitoneal, respectively, depending on catheter patency). The brains were
dissected out, sectioned, and stained with cresyl violet (Kodak, Rochester, NY). The most
ventral point of each cannula track was mapped onto schematics from the rat brain atlas
(Paxinos & Watson 1997).

Data analysis

RESULTS

Histology

Data were analyzed using mixed factorial or repeated measures analyses of variance
(ANOVAS) where appropriate. Significant ANOVA main and interaction effects were
further investigated using Tukey tests, when appropriate. Alpha was set at 0.05.

Schematics illustrating cannula placement and photomicrographs showing representative
cannula tracts are shown in Fig. 1. The target brain regions were defined as the NAC core,
NAC medial shell (i.e., NAC shell region medial relative to the NAC core), NAC lateral
shell (i.e., NAC shell region ventral to the NAC core and lateral to the medial NAC shell),
and vCPu (i.e., striatal region dorsally adjacent to the NAC core). The most ventral point of
the infusion cannula tracks was located within the NAC core (N = 33), NAC medial shell (N
= 31), NAC lateral shell (N = 31), or vCPu (N = 17) bilaterally in all cocaine-trained rats
and within the NAC core (N = 16), NAC medial shell (N =7), or NAC lateral shell (N =9)
in all food-trained rats. Furthermore, high power microscopy did not reveal any evidence of
abnormal tissue damage (i.e., extensive cell loss or gliosis) at the infusion site. The resulting
sample sizes for each treatment group are reported in the figure captions for figures 2-5.

Cocaine Self-administration

All NAC core-, medial shell-, lateral shell-, and vCPu-cannulated groups exhibited stable
responding on the active lever during the last three self-administration training days with a
within-subject variability of < 10% in daily cocaine intake. Collapsed across groups, the
mean numbers of active lever responses was 55.25 + 3.60, and the mean daily cocaine intake
(x SEM) was approximately 12.52 + 0.45 mg/kg per session (25.04 + 0.90 infusions). There
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was no pre-existing difference between the groups in active or inactive lever responding
during the last three days of cocaine self-administration training (F < 1, data not shown).

Upon removal of cocaine reinforcement, active and inactive lever responding gradually
declined in all the NAC core-, medial shell-, lateral shell-, and vCPu-cannulated groups (all
time main effects, Fg, ge6) = 26.78-74.74, p = 0.0001). There was no pre-existing difference
between the groups in active or inactive lever responding during the first seven days of
extinction training (all cannula location main and interaction effects, (F < 1) or in the mean
number of daily sessions (£ SEM; 7.36 + 0.05) needed to reach the extinction criterion (F <
1). Collapsed across groups, the average active and inactive lever responding (+ SEM)
decreased from 58.14 + 4.64 and 8.44 + 1.11 on the first day of extinction training to 7.59 +
0.64 and 1.43 £ 0.25 on the last day of extinction training.

Site-specific effects of mGlul and AMPA/kainate receptor antagonism on drug context-
induced reinstatement of cocaine seeking

Exposure to the previously cocaine-paired context reinstated active lever responding in rats
following intracranial (NAC core, medial NAC shell, lateral NAC shell, or vCPu) vehicle
pretreatment regardless of treatment order and treatment history (see Supplementary Fig. 1).
Therefore, data were collapsed across treatment order and treatment history to form one
vehicle condition per experiment (Fig. 2). Administration of JNJ16259685 or CNQX into
the NAC core, medial NAC shell, lateral NAC shell, or vCPu did not alter inactive lever
responding in either the cocaine-paired or the extinction context, relative to vehicle (see
Supplementary Fig. 2).

NAC core—lIntra-NAC core INJ16259685 treatment differently attenuated active lever
responding as a function of testing context and dose (Fig. 2A). Following pre-treatment with
vehicle or the 0.6 pg dose of INJ16259685, exposure to the cocaine-paired context increased
active lever responding relative to responding in the extinction context (treatment x context
interaction effect, F(, 27) = 4.85, p=0.01, Tukey test, p < 0.05; context main effect, F(1 27
= 28.05, p = 0.0001; treatment main effect, F,, 27y = 3.87, p = 0.03). The 0.6 pg dose of
JNJ16259685 failed to alter active lever responding in either the extinction or cocaine-paired
context relative to vehicle. In contrast, the 30 pg dose decreased active lever responding in
the cocaine-paired context (Tukey test, p < 0.05), without altering active lever responding in
the extinction context, relative to vehicle. As a result, active lever responding in the cocaine-
paired context was not different from that in the extinction context.

Similar to JNJ16259685, intra-NAC core CNQX treatment differently attenuated active
lever responding as a function of testing context and dose (Fig. 2A”). Following pre-
treatment with vehicle or the 0.03 pg dose of CNQX, exposure to the cocaine-paired context
increased active lever responding relative to responding in the extinction context (treatment
x context interaction effect, F,, 33) = 6.29, p = 0.005, Tukey test, p < 0.05; treatment main
effect, F(1, 33) = 6.40, p = 0.004; context main effect, F(; 33) = 33.80, p=0.0001). The 0.03
ug dose of CNQX failed to alter active lever responding in the extinction or cocaine-paired
context relative to vehicle. In contrast, the 0.3 pug dose decreased active lever responding in
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the cocaine-paired context (Tukey test, p < 0.05), without altering active lever responding in
the extinction context, relative to vehicle. As a result, active lever responding in the cocaine-
paired context was not different from that in the extinction context.

NAC medial shell—Following pre-treatment with vehicle, exposure to the previously
cocaine-paired context increased active lever responding relative to responding in the
extinction context (context main effect, F(; ,7) = 33.99, p=0.0001, Fig. 2B). Furthermore,
intra-NAC medial shell administration of 0.6 or 30 pg dose of JNJ16259685 failed to alter
active lever responding in either context relative to vehicle (treatment x context interaction
effect, F(o, 27) = 0.26, p = 0.77; treatment main effect, F ,7)=0.17, p=0.84).

In contrast to JNJ16259685, intra-NAC medial shell CNQX treatment differently attenuated
active lever responding as a function of testing context and dose (Fig. 2B”). Following pre-
treatment with vehicle or the 0.03 pg dose of CNQX into the NAC medial shell, exposure to
the cocaine-paired context increased active lever responding relative to responding in the
extinction context (treatment x context interaction effect, F(; 29) = 5.86, p = 0.007, Tukey
test, p < 0.05; treatment main effect, F(, 29) = 3.43, p = 0.03; context main effect, F(1, 29) =
29.15, p=0.0001). The 0.03 pg dose of CNQX failed to alter active lever responding in the
extinction or cocaine-paired context relative to vehicle. In contrast, the 0.3 pug dose
decreased active lever responding in the cocaine-paired context (Tukey test, p < 0.05),
without altering responding in the extinction context, relative to vehicle. As a result, active
lever responding in the cocaine-paired context was not different from that in the extinction
context.

NAC lateral shell—Following pre-treatment with vehicle, exposure to the previously
cocaine-paired context increased active lever responding relative to responding in the
extinction context in the JNJ16259685 treatment groups (context main effect, F(; 27) =
23.67, p=0.0001, Fig. 2C). Furthermore, administration of 0.6 or 30 pg dose of
JNJ16259685 into the NAC lateral shell failed to alter active lever responding in either
context relative to vehicle (treatment x context interaction effect, F; ,7) = 0.46, p = 0.63;
treatment main effect, F(; 27) = 0.43, p=0.64).

In contrast to JNJ16259685, intra-NAC lateral shell CNQX treatment differently attenuated
active lever responding as a function of testing context and dose (Fig. 2C’). Following pre-
treatment with vehicle or the 0.03 pg dose of CNQX into the NAC lateral shell, exposure to
the cocaine-paired context increased active lever responding relative to responding in the
extinction context (treatment x context interaction effect, F(,, 79y = 8.51, p = 0.001, Tukey
test, p < 0.05; treatment main effect, F(5 29) = 4.22, p = 0.02; context main effect, Fy, 29) =
50.72, p=0.0001). The 0.03 pg dose of CNQX failed to alter active lever responding in the
extinction or cocaine-paired context relative to vehicle. In contrast, the 0.3 ug dose
decreased active lever responding in the cocaine-paired context (Tukey test, p < 0.05),
without altering responding in the extinction context, relative to vehicle. As a result, active
lever responding in the cocaine-paired context was not different from that in the extinction
context.
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vCPu—~Following pre-treatment with vehicle, exposure to the previously cocaine-paired
context increased active lever responding relative to responding in the extinction context in
the JNJ16259685 treatment group (context main effect, F, 16) = 24.40, p = 0.0001, Fig.
2D). Furthermore, the 30 pg dose of INJ16259685, a dose behaviorally effective in the NAC
core, did not alter active lever responding in either context relative to vehicle (treatment x
context interaction effect, F(;, 16) = 0.02, p = 0.88; treatment main effect, F(1, 16) = 0.01, p=
0.95).

Similarly, following pre-treatment with vehicle, exposure to the previously cocaine-paired
context increased active lever responding relative to responding in the extinction context in
the CNQX treatment group (context main effect, F; 14) = 12.80, p = 0.003, Fig. 2D’).
However, intra-vCPu administration of the 0.3 ug dose of CNQX, a dose behaviorally
effective in the NAC core, did not alter active lever responding relative to vehicle in either
context (treatment x context interaction effect, F(; 14y = 0.36, p = 0.55; treatment main
effect, F(1, 14) = 0.09, p=0.76).

Effects of intra-NAC core JNJ16259685 treatment on locomotor activity and food-
reinforced instrumental behavior

Intra-NAC core JNJ16259685 treatment selectively attenuated drug context-induced
reinstatement of cocaine-seeking behavior. Therefore, we investigated the possible
performance-impairing side effects of this manipulation on locomotor activity in a novel
context and on instrumental behavior reinforced by food.

Intra-NAC core administration of INJ16259685 did not alter locomotor activity in a novel
context relative to vehicle (Fig. 3A). The number of photobeam breaks decreased during the
locomotor activity test session (time main effect, F(,, 54) = 60.85, p = 0.0001; 20-min
interval 1 > 2-3, Tukey test, p < 0.05). Furthermore, the 0.6 or 30 pg dose of JNJ16259685
did not alter the number of photobeam breaks relative to vehicle (time x treatment
interaction effect, F(4, 54) = 1.03, p = 0.40; treatment main effect, F(, >7) = 1.40, p = 0.26).

Intra-NAC core administration of JINJ16259685 did not alter food-reinforced instrumental
behavior in context 1 or 2, relative to vehicle (Fig. 3B). Following vehicle pretreatment, the
rate of active lever pressing for food reinforcement (Mean + SEM; 53.25 + 9.36) was similar
to the rate of non-reinforced active lever pressing observed during the reinstatement test in
the cocaine experiment. Furthermore, the 0.6 or 30 pg dose of JNJ16259685 did not alter
food-reinforced active (F, 21) = 0.09, p = 0.91) or inactive lever responding (F2, 21y = 0.62,
p = 0.55), relative to vehicle.

Effects of CNQX treatment on locomotor activity and food-reinforced instrumental

behavior

The possible performance-impairing side effects of intra-NAC core or shell CNQX
treatment were also investigated. Administration of CNQX into the NAC core, medial NAC
shell, or lateral NAC shell did not alter locomotor activity in a novel context relative to
vehicle (Fig. 4A, 4B, 4C). The number of photobeam breaks decreased during the locomotor
activity test session (all time main effects, F(> sg.66) = 92.81-102.36, p = 0.0001; 20-min
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interval 1 > 2-3, Tukey tests, p < 0.05). Furthermore, the 0.03 or 0.3 ug dose of CNQX
failed to alter the number of photobeam breaks relative to vehicle (all treatment main and
treatment x time interaction effects, F(;.4, 29.66) = 0.32-1.01, p = 0.38-0.84).

Administration of CNQX into the NAC core, medial NAC shell, or lateral NAC shell did not
alter food-reinforced instrumental behavior in context 1 or 2, relative to vehicle (Fig. 4D,
4E, 4F). Following vehicle pretreatment administered into the NAC core, medial NAC shell,
or lateral NAC shell, the rate of active lever pressing for food reinforcement (Mean = SEM
=63.87 + 15.20; 62.00 + 12.38; 64.22 + 15.88, respectively) was similar to the rate of non-
reinforced active lever pressing during the reinstatement test in the cocaine experiment.
However, the 0.03 or 0.3 ug dose of CNQX did not alter food-reinforced active (F(2, 18-24) =
0.19-0.24, p = 0.78-0.82) or inactive lever responding (F(2, 18-24) = 0.40-1.66, p = 0.21-
0.67), relative to vehicle.

DISCUSSION

The fundamental role of NAC glutamate neurotransmission in context-induced drug-seeking
behavior is supported by the previous finding that activation of presynaptic inhibitory group
I mGIuRs in the NAC core or shell attenuates the context-induced renewal of heroin-
seeking behavior in the presence of discrete drug-conditioned stimuli (Bossert et al. 2006).
The present study extends this line of research by demonstrating that glutamate is also
critical for the ability of a drug-paired context to reinstate cocaine-seeking behavior, in the
absence of discrete drug-conditioned stimuli, via the stimulation of mGlul and AMPA/
kainate receptors in a subregion-specific manner within the striatum. Consistent with this
conclusion, JNJ16259685-induced antagonism of mGIluR1s or CNQX-induced antagonism
of AMPA/kainate receptors in the NAC core dose-dependently attenuated the expression of
drug context-induced cocaine-seeking behavior relative to vehicle. Conversely, CNQX, but
not JNJ16259685, administered into the lateral or medial NAC shell attenuated, furthermore
CNQX or JNJ16259685 administered into vCPu failed to alter, this behavior. These
manipulations did not have an effect on instrumental performance in the extinction context,
general locomotor activity, or food-reinforced instrumental behavior in control experiments.
Together, these findings suggest that stimulation of mGlul and AMPA/kainate receptors in
the NAC core and stimulation of AMPA/kainate, but not mGlul, receptors in the NAC shell
is necessary for drug context-induced motivation for cocaine. Furthermore, it will be
important to determine whether these effects can be generalized to contextual motivation
produced by other drugs of abuse as well as natural reinforcers.

Contribution of NAC mGIuR1s to drug context-induced cocaine-seeking behavior

Remarkably, despite the ubiquitous expression of mGluR1s throughout the NAC (Mitrano &
Smith 2007), the present study revealed that stimulation of mGIuR1s in the NAC core, but
not the shell, is critical for context-induced reinstatement of cocaine-seeking behavior. The
subregion-specific effect of INJ16259685 in the NAC may stem from differences in the
physiology of, and cocaine-induced neuroplasticity in, mGIuR1 populations within the NAC
core versus shell. Subpopulations of mGIluR1s may display unique electrophysiological
properties in the NAC depending on their localization, as elsewhere in the brain. For
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instance, stimulation of mGIuR1s initiates depolarization in the substantia nigra pars
reticulata, whereas it fails to do so in the subthalamic nucleus (Awad et al. 2000; Marino et
al. 2001). Moreover, the subregion-specific contributions of mGIluR1s may arise from
differential regulatory changes produced by cocaine self-administration in distinct mGIluR1
populations within the NAC core and shell. Following cocaine self-administration and
extinction of cocaine-seeking behavior, expression of the group | mGIuR subtype mGIuR5
and of the scaffolding protein Homer1b/c is decreased in the NAC shell (Ghasemzadeh et al.
2009). Given the extensive co-localization of mGluR1s and mGIuR5s (Mitrano and Smith
2007), it is possible that the negative effect of INJ16259685 in the NAC shell was due to
cocaine-induced decreases in mGIuR1 density or transduction efficiency.

The effect of INJ16259685 on context-induced reinstatement of cocaine-seeking behavior
appears to be mediated by inhibition of mGIuR1 receptor signaling within the NAC core
(Fukunaga et al. 2007; Lavreysen et al. 2004; Xie et al. 2010), but it is hard to ascribe this
effect to a specific cell subpopulation or receptor subtype. First, mGIluR1s are expressed
both in medium spiny neurons and cholinergic and parvalbumin-containing fast-spiking
interneurons within the NAC (Mitrano & Smith 2007). In addition, a large portion of
mGIuR1s is extrasynaptic (Mitrano & Smith 2007) and is likely activated by extrasynaptic
glutamate or glutamate released by glial cells (Baker et al. 2002; Cho & Bannai, 1990;
Danbolt 2001; Patel et al. 2004; Rothstein et al. 1996). Second, mGIluR1s are localized both
postsynaptically on dendrites and spines (Mitrano & Smith 2007) as well as presynaptically
on glutamatergic terminals (Awad et al. 2000; Fotuhi et al. 1993). As a result, presynaptic
mGIuR1s may have contributed to the effects of INJ16259685, resulting in decreases in
synaptic glutamate release (Swanson et al. 2001) and, subsequently, in altered stimulation of
ionotropic and metabotropic pre- and postsynaptic glutamate receptors. Thus, overall,
mGIuR1s are in the position to critically modulate inputs to, outputs from, and signal
processing within the NAC core, and future studies will be necessary in order to ascertain
the exact neurochemical and physiological mechanisms by which mGIluR1s mediate the
reinstatement of drug context-induced cocaine-seeking behavior.

Contribution of AMPA/kainate receptors in the NAC to drug context-induced cocaine-
seeking behavior

Unlike the effects of INJ16259685, the behavioral effects of CNQX were not NAC
subregion specific. This was not likely due to the spread of CNQX from the NAC core to the
shell. In support of this, a slightly larger volume (5.0 nmol/0.4 pl/hemisphere) of CNQX
administered into the NAC core, but not the NAC shell, inhibits defensive behavior in rats
(da Cunha et al 2008). Furthermore, CNQX administered into the vCPu, a region dorsally
adjacent to the NAC core, failed to alter cocaine-seeking behavior in the present study.
Overall, these findings suggest that stimulation of AMPA/kainate receptor populations in
both the NAC core and shell is necessary for drug context-induced reinstatement of cocaine-
seeking behavior and extend upon previous literature that demonstrated a critical role for
AMPA/kainate receptors in the NAC in drug-primed and explicit cue-induced reinstatement
of extinguished cocaine-seeking behavior (Backstrém & Hyytia 2007; Famous et al. 2008).
It should be noted that, adjacent to the NAC shell, the olfactory tubercle has also been
implicated in the rewarding and primary reinforcing effects of cocaine, morphine, and
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intracranial self-administration (Di Ciano, Robbins & Everitt 2008; Fibiger et al. 1987;
Ikemoto 2003; 2007; Kornetsky, Huston-Lyons & Porrino 1991; Sellings, McQuade &
Clarke 2006). Thus, it cannot be ruled out that AMPA/kainite receptor antagonism in the
olfactory tubercle may have partially contributed to the effects of CNQX on context-induced
reinstatement of cocaine-seeking behavior in the present study.

The absence of different effects in the lateral versus medial NAC shell suggests that AMPA/
kainate receptor populations in these subregions are not functionally distinct with respect to
drug context-induced cocaine-seeking behavior. This parallels the finding that D1 dopamine
receptor populations in the lateral and medial NAC shell are equally critical for drug
context-induced heroin-seeking behavior (Bossert et al. 2007), despite differences between
the lateral and medial NAC shell in morphology and connectivity (Ikemoto 2007; Meredith
et al. 1992; Voorn et al. 2004).

The behavioral effects of CNQX likely arose from the inhibition of striatal neuronal activity
or of dopamine input into the NAC core and shell. Specifically, CNQX-induced antagonism
of postsynaptic AMPA/kainate receptors within the NAC likely supresses excitatory
postsynaptic potentials, current, and depolarization in medium spiny neurons (Lape & Dani
2004; Tarazi et al. 1998). Similarly, antagonism of presynaptic AMPA/kainate receptors on
dopamine terminals within the NAC attenuates dopamine release (Pap & Bradberry 1995;
Russell 2003; Tarazi et al 1998), which is necessary for drug context-induced heroin and
ethanol-seeking behaviors via the stimulation of dopamine D1 receptors in the NAC core
and shell (Bossert et al. 2007; Chaudhri, Sahuque & Janak 2009). Therefore, AMPA/kainate
receptor stimulation likely contributes to drug context-induced reinstatement of cocaine-
seeking behavior as well.

mGIuR1 and AMPA/kainate receptors in the relapse circuitry

In summary, the present study expands our understandings of the critical role of
glutamatergic neurotransmission in drug context-induced reinstatement of drug-seeking
behavior by demonstrating that stimulation of mGlul and AMPA/kainate receptors in the
NAC core and AMPA/Kainate receptors in the NAC shell is necessary for this phenomenon.
Importantly, these glutamate receptors operate in conjunction with other receptor families
and as part of a larger corticolimbic neural circuitry.

The present study demonstrated that both mGIluR1s and AMPA/kainate receptors are critical
to drug context-induced cocaine-seeking behavior within the NAC core. While it is not clear
what mechanisms underlie this phenomenon, it is possible that mGlul and AMPA/kainate
receptors interact to regulate context-induced cocaine-seeking behavior. In support of this,
mRNAs for the mGIluR1 and for AMPA receptor subunits are co-expressed in striatal
neurons (Ghasemzadeh et al. 1996). Hence, stimulation of mGlul and AMPA/Kkainate
receptors may activate intersecting intracellular signaling pathways within the same striatal
neuron. Future studies will be necessary to investigate the signaling molecules that
contribute to the effects of mGlul and AMPA/kainate receptor stimulation in the NAC core
on drug context-induced reinstatement of cocaine-seeking behavior.
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Functional interactions between mGIuR1 or AMPA/kainate receptors and dopamine
receptors are well documented (Chiamulera et al. 2001; David & Abraini 2003; Swanson &
Kalivas 2000; Vezina & Kim 1999; Anderson et al. 2008) and may also contribute to drug
context-induced cocaine-seeking behavior. The exact mechanisms underlying interactions
between mGIuR1 and dopamine receptors remain poorly understood but could result from
the activation of converging intracellular signaling pathways (David & Abraini 2003;
Voulalas et al. 2005). In fact, dopamine receptor stimulation in the NAC may be necessary
for the ability of mGIuR1s to depolarize neurons, as in the globus pallidus (Poisik, Smith &
Conn 2007). Similar to mGIuR1 receptors, AMPA/kainate receptors and dopamine receptors
are co-expressed on neurons within the NAC (Bernard, Somogyi & Bolam 1997; Glass et al.
2008). Moreover, stimulation of D1-like dopamine receptors promotes GluR1 AMPA
subunit phosphorylation and AMPA receptor cell-surface expression in the NAC (Anderson
et al. 2008; Chao et al. 2002; Mangiavacchi & Wolf 2004), and it is necessary for context-
induced ethanol or heroin-seeking behaviors (Bossert et al. 2007; Chaudhri et al. 2009).
Therefore, future studies will need to investigate whether interactions between dopamine
and glutamate in the NAC are necessary for drug context-induced reinstatement of cocaine-
seeking behavior.

The critical sources of glutamate to the NAC core and shell have yet to be determined but
the most likely glutamatergic afferents to the NAC are the medial prefrontal cortex (mPFC),
lateral orbitofrontal cortex (IOFC), dorsal hippocampus (DH), ventral hippocampus (VH),
and basolateral amygdala (BLA) given that these brain regions regulate drug context-
induced cocaine-seeking behavior (Fuchs et al. 2005; 2007; Lasseter et al. 2009; 2010).
Anatomical studies demonstrate that glutamatergic fibers from these brain regions converge
in the NAC (Amaral & Witter 1995; Goto & O’Donnell 2002; Groenewegen et al. 1999;
O’Donnell & Grace 1995; van Groen & Wyss 1990). IOFC and BLA projection neurons
innervate both the NAC core and shell (Groenewegen, Wright & Uylings 1997; McDonald
1991). Conversely, the dorsal mPFC and DH preferentially project to the NAC core, while
the ventral mPFC and VH preferentially project to the NAC shell (Brog et al. 1993;
Pennartz et al. 1994; Sesack et al. 1989; Kelley & Domesick 1982; Groenewegen et al.
1987). Paralleling the topographical connectivity between the PFC and NAC, the dmPFC-
NAC core glutamatergic projection is necessary for drug-primed and cue-induced
reinstatement of drug-seeking behavior, whereas the vmPFC-NAC shell glutamatergic
projection is critical for extinction learning that suppresses drug-seeking behavior
(LaLumiere & Kalivas 2008; McFarland, Lapish & Kalivas 2003; Peters, LalL.umiere &
Kalivas 2008). Together, these different glutamatergic subcircuits and glutamate receptor
populations may provide for distinct contributions by the NAC core and shell to drug
context-induced reinstatement of cocaine-seeking behavior. Hence, the exploration of these
may aid in the development of a systemic approach to drug addiction treatment and relapse
prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic and photographic representation of injection cannula placements within the

nucleus accumbens core (NAC core), medial shell (NAC mshell), lateral shell (NAC Ishell),
and ventral caudate-putamen (VCPu). The arrows identify the most ventral point of the
infusion cannula tracts on representative cresyl violet-stained sections. On the schematics
from the rat brain atlas of Paxinos and Watson (1997), filled diamonds and open diamonds
represent the most ventral point of the cannula tracts for INJ162596850-treated rats in the
cocaine-trained and food-trained groups, respectively. Filled circlesand open circles
represent the most ventral point of the cannula tracts for CNQX-treated rats in the cocaine-
trained groups and food-trained groups, respectively. Numbers indicate the distance from
bregma in millimeters.
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Fig. 2.

Subregion-specific effects of INJ16259685 and CNQX on non-reinforced active lever
responses (mean/1h + SEM) during testing in the extinction (EXT) and previously cocaine-
paired contexts (COC). JNJ16259685 or vehicle was infused bilaterally into the NAC core
(A: N = 7-15/dose), NAC mshell (B: N = 7-15/dose), NAC Ishell (C: N = 7-15/dose), or
VvCPu (D: N = 9/dose) before testing. In separate groups, CNQX or vehicle was infused
bilaterally into the NAC core (A”: N = 7-18/dose), NAC mshell (B”: N = 7-16/dose), NAC
Ishell (C”: N = 7-16/dose), or vCPu (D’: N = 8/dose) before testing. Asterisks represent
significant difference relative to responding in the extinction context (Panel A and A’-C’:
ANOVA context simple main effect, Tukey test, p < 0.05; Panel B-D and D’: ANOVA
context main effect, p < 0.05). Daggers represent significant difference relative to vehicle
treatment (ANOVA treatment simple main effect, Tukey test, p < 0.05).
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Locomotor activity in a novel context (A; mean photobeam breaks/1h + SEM) and food-
reinforced instrumental behavior in contexts 1 or 2 (B; mean active and inactive lever
presses/1h + SEM). JNJ16259685 or vehicle was administered bilaterally into the NAC core
(Panel A: N = 7-8/dose; Panel B: N = 8) before testing. Plus sign represents significant
difference relative to all other time points (ANOVA time simple main effect, Tukey test, p <
0.05).
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Locomotor activity (A—C; mean photobeam breaks/1h + SEM) in a novel context and food-
reinforced instrumental behavior in contexts 1 or 2 (D—F; mean active and inactive lever
presses/1h + SEM). CNQX or vehicle was administered bilaterally into the NAC core (Panel
A: N=7-11/dose; D: N = 8), NAC mshell (Panel B: N = 7-9/dose; E: N =7), or NAC Ishell
(Panel C: N = 7-9/dose; F: N = 9) before testing. Plus signs represent significant difference
relative to all other time points (ANOVA time simple main effect, Tukey test, p < 0.05).
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